Abstract Paraffin coatings on glass slides were investigated through both X-ray photoelectron spectroscopy (XPS) and spin relaxation measurement for cesium (Cs) vapor. The components of the glass substrate, such as silicon (Si) and oxygen (O), existed in the XPS spectra of the coated slides, indicating the imperfection of the prepared paraffin coatings. The substrate was not observed after the annealing of the coatings in Cs vapor, which is known as a 'ripening' process for spin relaxation measurement. We found a general trend that effective anti-spin relaxation performance requires high paraffin and low Cs coverage on the surface. We also examined a type of diamond-like carbon (DLC) film, anticipating the effect of anti-spin relaxation; our attempts have failed to date. PACS 32.80. Xx; 34.35.+a; 
late 1950s [1] , and since then have been widely used in atomic physics experiments. The attraction of these coatings has recently renewed because they have been recognized as a key to many precision measurements, including optical magnetometry [2, 3, 4, 5, 6] and atomic clocks [7, 8, 9, 10] . The most well-known anti-relaxation material for alkali vapors is paraffin, which can provide up to 10,000 bounces before atoms become depolarized [11] .
Although anti-relaxation coatings have long been used, their functions are not fully understood. One example is the annealing process of 'ripening' [12, 13] , which is necessary to enhance the anti-relaxation effect of the coatings. Another example is the recent dramatic improvement accomplished by using olefin [14] ; obtained one-minute spin relaxation times with this new coating suggests that there are some unknown key parameters and important mechanisms that contribute to the anti-relaxation effect. From an application point of view, easy-to-fabricate and high heat-resistant coatings are required [15] .
These facts have motivated a new class of experiments in place of traditional ones using sealed alkali vapor cells. An experimental system that used pairs of coated slides was constructed to measure spin relaxation times of alkali atoms colliding with the coating surfaces [16] . Various standard surface analysis techniques were also introduced [13] . These new studies revealed the surface morphology of the coatings [17, 18] , the indication of the importance of C=C double bonds [13] , high-heat-resistant coating material [15] , and so forth.
In this paper, we report the measurement of spin relaxation of cesium (Cs) atoms colliding with surface coatings characterized by X-ray photoelectron spectroscopy (XPS). We constructed an experimental system that enabled both spin relaxation measurement and surface analysis by XPS for each coating sample. Paraffin-coated glass slides were prepared in evacuated glass tubes and introduced into a relaxation measurement cell and an XPS chamber through a glove box, without exposure to air. This system helped us to understand the function of each process required for coated-cell preparation, including coating fabrication, and ripening.
The components of the glass substrate, such as silicon (Si) and oxygen (O), were observed in XPS for prepared paraffin coatings, indicating that paraffin did not completely cover the glass slides. These glass components disappeared after the spin relaxation measurements, whereas Cs was observed. This modification can be attributed to the ripening process performed before the spin relaxation measurements. In terms of the relationship between coating performance and surface conditions, we observed a general trend, from about 30 pairs of coated slides, that effective anti-spin relaxation coatings required a high paraffin coverage, while having a small Cs composition on the surface. The O observed after the ripening process was found to bond to Cs.
We also conducted the experiment using a diamondlike-carbon (DLC) film as an anti-spin-relaxation coating. We tested sp 3 -rich DLC films. We did not observe any anti-relaxation effect, and we found that more Cs atoms were adsorbed onto the DLC film than on the paraffin coating. Figure 1 shows the experimental system, composed of 4 pieces of apparatus: the coating fabrication apparatus; the glove box; the spin relaxation measurement apparatus; and the surface analyzer equipped with XPS. Using the glove box, we were able to transfer sample slides from one apparatus to another without exposing them to air.
Experiment

Coating preparation
We formed coatings on glass slides instead of on the inner walls of sealed cells, because it is easier to measure the surface conditions of the former. The slides were made of Pyrex, a type of borosilicate glass. The dimensions of the slides were 12.5 × 25.0 × 1.0 mm.
First, we describe the paraffin coating fabrication. Glass slides were washed by ultrasonic cleaning with ethanol and acetone. The paraffin used was Sasolwax H1; its mean molecular weight is nominally 750 g/mol, corresponding to n ∼ 50 in C n H 2n+2 , and its melting point is 112
• C. We did not distill it before use.
The coating fabrication process was similar to the ones employed for sealed cells [5, 12] . Glass slides were set in a glass tube attached to a vacuum system with a paraffin reservoir. The tube was then evacuated and baked at 400
• C. The pressure reached a few 10 −5 Pa. Pieces of the paraffin were introduced into the glass tube, which was then sealed. The paraffin coatings were formed on the slides by heating the glass tube at 400
• C for 4 h and then cooling it. The formed coatings had relatively rough surfaces and the typical thickness was a few µm.
The other material we evaluated was a DLC, an amorphous hydrogenated or non-hydrogenated form of carbon. We generated DLC coatings on Pyrex slides using the pulsed laser deposition (PLD) technique. A high-powered pulsed laser (KrF excimer laser, wavelength: 248 nm, pulse energy: 265 mJ/pulse, repetition rate: 20 Hz, pulse duration: 30 ns) irradiated a graphite (99.9%) target under a hydrogen atmosphere (1 Pa). After vaporization, the carbon was deposited as a thin film on the Pyrex substrates at room temperature. DLC coatings formed by deposition for 90 s were 30 nm in thickness, had an sp 3 -rich structure [19] like diamond. It is thought that diamond may have anti-relaxation properties [20] . The ability of DLC to withstand very high temperatures would be beneficial to applications requiring high alkali vapor densities.
It is noted that the paraffin coatings were not exposed to air before spin-relaxation measurement and XPS analysis, while the DLC coatings were once exposed to air when they were taken out of the PLD chamber. 
Spin relaxation measurement
The method of spin relaxation measurement was the same as the one reported in Ref. [16] . The setup for the spin relaxation measurement is shown in Figure 2 . The main body of the alkali vapor cell was a Duran glass tube (inner diameter: 41.4 mm) with a NW40 flange. Coated glass slides were introduced to the cell in the glove box. They were set at equal intervals (2.0 mm) in the cell. We were able to evaluate up to five pairs of slides simultaeously. A Cs ampule was placed in a stem attached to the cell. Using dry scroll and turbomolecular pumps, the pressure of the cell reached a few 10 −4 Pa. Gaseous Cs atoms were not initially observed in the cell. To obtain a high Cs vapor density, we performed ripening. We heated the main body of the cell to 80
• C and the Cs ampule to 60
• C for 15 h. When spin relaxation times were measured, helium (He) gas was introduced as a buffer gas, to prevent the cesium vapor escaping from between the slides. The He gas was of 99.99995% purity and was used after passage through a gas purifier, which nominally reduced water, carbon monoxide, carbon dioxide, and oxygen from 50 ppm to less than 1 ppb. Spin relaxation times were measured as a function of He gas pressure from 10 to 60 Torr at room temperature with the Cs ampule heated to 50
• C. The atomic spin polarization was produced and measured with a distributed feedback laser whose wavelength matched the D1 line (F = 4 ⇒ F ′ = 3) of Cs. The laser beam was separated by a polarizing beam splitter (PBS) into pump and probe beams. The pump beam was circularly polarized with the quarter wavelength plate and entered between a pair of slides. It polarized the Cs atoms by optical pumping. When the pump beam was shut off by the chopper, the probe beam detected the relaxation of cesium atomic polarization. The probe beam was modulated between the σ + and σ − circular polarizations at 42 kHz using the photoelastic modulator (PEM). The difference in absorption between the σ + and σ − probe beams was detected by the lock-in amplifier. The measured signal was proportional to the Zeeman polarization in the F = 4 hyperfine level of the Cs ground state. The probe beam was weak enough not to affect relaxation signals.
A magnetic field (2 G) was applied with a pair of Helmholtz coils along the direction of the two laser beams.
Obtained relaxation curves decayed exponentially with two time constants. We used the time constant of the fast exponential component to derive the number of bounces required for depolarizing Cs atoms [16] .
Surface analyzer and glove box
We employed XPS, a widely used surface analysis technique, particularly for insulators. It is a non-destructive analysis method, and has been used in the studies of anti-relaxation coatings [13] .
Our surface analysis apparatus was composed of an XPS chamber, a load lock chamber, and a glove box. The glove box was of vacuum type. A 99.99995%-pure nitrogen gas filled the glove box after it was evacuated to about 100 Pa with a dry scroll pump. The dew point in the glove box was less than −30
• C, which corresponds to a moisture concentration of 400 ppm, or less, by volume. The load lock chamber, connecting the glove box and the XPS chamber, was evacuated using a turbomolecular pump after a coated slide was introduced from the glove box. The coated slide was then transferred to the XPS chamber. Further evacuation with an ion pump took the pressure in the XPS chamber to 1 × 10 −7 Pa. An Al K α X-ray (1486.6 eV) was used to obtain the XPS spectra. The atomic concentration and the atomic environment, from peak areas and peak shifts in the spectra, respectively, were known. We removed baselines from spectrum peaks using the Shirley method [21] and fitted them with Voigt functions. Observed peaks originated from Si, O, boron (B), sodium (Na), and Cs. We derived the atomic concentration from peak areas normalized by ionization cross-sections and mean free paths. To adopt the values of mean free paths from the literature, we assumed a SiO 2 substrate [22] for photoelectrons from the Pyrex glass components (Si, B, Na and pre-ripening O) and a 26-n-paraffin substrate [23] +  ,  +  :  :  -0  1  "  1  (  +  ,  +  : : Fig. 3 Spin relaxation curves for four pairs of coated slides measured at a He gas pressure of 60 Torr. Two pairs of paraffin-coated slides, denoted as paraffin 1 and paraffin 2, were examined in a single measurement, while DLC and noncoated slides were examined in a second measurement. The polarization curves were normalized at 0 ms, at which point the pump beam was shut off.
for those from carbon (C), Cs, and post-ripening O (see Sec. 3). For the DLC coatings, we adopted the mean free paths in a glassy carbon substrate [24] . We assumed a uniform distribution of elements in substrates for all estimations of concentration [25] .
To calibrate the binding energies of the spectra, we adjusted the Si2p peak to 103.5 eV (SiO 2 ) [26] when Si peaks were observed. This calibration resulted in a C1s peak energy of 284.8 eV, which was used as a reference when Si was not observed due to neglect of a possible small shift due to exposure to alkali vapor [25] .
Results and discussion
Paraffin
Typical spin relaxation data at a He gas pressure of 60 Torr are shown in Figure 3 . Two paraffin coatings, denoted as paraffin 1 and paraffin 2 in the figure, were fabricated in the same batch and measured in the cell at the same time. The probed polarization signals decayed after the pump beam was shut off at 0 ms. Relaxation times for the paraffin coatings were longer than those for the non-coated glass slides. We therefore confirmed that the fabricated paraffin coatings had a spin antirelaxation effect. The numbers of bounces for paraffin 1 and 2 were derived from the relaxation times to be 110 and 70, respectively. The uncertainty in evaluated bounces was approximately 20%, originating from the He pressure, the substrate interval, and the diffusion constant [27] . Fig. 4 XPS spectra taken (a) before and (b) after the measurement of relaxation time. They are referred to as 'preripening' and 'post-ripening', respectively. Atomic concentrations are shown for the main elements. Figure 4 shows XPS spectra for paraffin 1 and paraffin 2 taken before and after the spin relaxation measurement. In the pre-ripening spectra (Figure 4(a) ) obtained before the spin relaxation measurement, peaks originating from Si, O, Na and B were observed for both paraffin coatings. They are components of the Pyrex glass substrates, indicating that the substrates were not covered perfectly before ripening. Paraffin 1, which has better anti-relaxation performance, shows relatively low Si peaks and a high C peak compared to paraffin 2. Because the C peak indicates the presence of paraffin on the surface, this result leads to the reasonable conclusion that high initial paraffin coverage is required for high spin anti-relaxation performance. Note that hydrogen was not detected by XPS.
After the ripening process, the glass-originated Si, Na and B peaks disappeared, as shown in Figure 4 (b), while Cs peaks appeared. Furthermore, the C concentration in the post-ripening spectra increased compared to the pre-ripening spectra. We therefore conclude that during the ripening process, paraffin (and Cs) covered the substrates more effectively. Paraffin 2 showed higher Cs peaks than paraffin 1. This trend, that coatings that absorb high quantities of Cs do not have a sufficient anti-relaxation effect, was confirmed for other paraffin coatings fabricated in this experiment.
The O peak was observed after ripening, despite the other components contained in the glass substrate disappearing. Figure 5 shows detailed spectra for the O1s peak measured for paraffin 2. Before ripening, the binding energy of the O1s electron corresponded to SiO 2 in the glass substrate. After ripening, the peak was shifted to lower binding energies, which indicates that the observed O does not originate from the glass substrate. The peak position of Cs3d 5/2 shown in the inset of Figure 5 suggests that Cs was bound to O. We also found a clear correlation between the Cs and O concentrations. We consider that the O, which is bound to Cs, was an impurity introduced during the coating characterization processes. It has been difficult to suppress this oxygen contamination in our experiment. OCs compounds may also present in sealed cells with anti-relaxation coatings [29] .
Diamond-like carbon
The DLC coatings we tried produced relaxation curves similar to those for non-coated glass slides, as shown in Figure 3 . We were unable to find any anti-relaxation effect for the DLC coatings. The XPS spectra in Figure 6 show that the DLC coating had a higher initial coverage than the paraffin 1 and paraffin 2 coatings shown in Figure 4 , but after ripening, more Cs atoms were observed with the DLC than with the paraffin. We found from XPS that only a small fraction of Cs atoms were lost from DLC coatings even when the slides were heated up to 400
• C. This indicates that Cs atoms were strongly bound to the DLC coatings.
Conclusion
We constructed an experimental system that enabled both spin relaxation measurement and surface analysis by XPS for each coating sample. We confirmed the spin anti-relaxation effect in paraffin-coated slides, while the DLC coating did not show any anti-relaxation effect. According to XPS measurements, prepared paraffin coatings did not completely cover the glass substrates. The ripening process created a greater coverage of the paraffin coating on the substrates. Coated slides with low effectiveness had less paraffin coverage after sample preparation and a higher level of Cs after the ripening process compared to the more effective coatings. During the coating characterization processes, O, which was probably contamination, was bound to Cs atoms absorbed in the paraffin coatings.
